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Predicting Differential Antigen-Antibody Contact Regions

Based on Solvent Accessibility

Frank J. Lebeda'? and Mark A. Olson'

1. INTRODUCTION

A fundamental question in immunology concerns
the underlying differences among structurally
similar proteins with non-cross-reacting epitopes.
Immunologically distinct members of homologous
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A novel computational approach was examined for predicting cpitopes from primary
structures of the seven immunologically distinct botulinum neurotoxins (BoNT/A-G) and
tetanus toxin (TeTX). An artificial neural network [Rost and Sander (1994), Proteins 20,
216] was used to estimate residue solvent accessibilities in multiple aligned sequences. A
similar network trained to predict secondary structures was also used to cxamine this
protein family, whose tertiary fold is presently unknown. The algorithm was validated by
showing that it was 80% accurate in determining the secondary structure of avian
cgg-white lysozyme and that it correctly identified highly solvent-exposed residues that
correspond to the major contact regions of lysozyme-antibody cocrystals. When sequences
of the heavy (H) chains of TeTX and BoNT/A-G were analyzed, this algorithm predicted
that the most highly exposed regions were clustered at the sequentially nonconserved N-
and C-termini [Lebeda and Olson (1994), Proteins 20, 293|. The secondary structures and
the remaining highly solvent-accessible regions were, in contrast, predicted to be
conserved. In experiments reported by others, H-chain fragments that induced im-
munological protection against BONT/A overlap with these predicted most highly exposed
regions. It is also known that the C-terminal halves of the TeTX and BoNT/A H-chains
interfere with holotoxin binding to ectoacceptors on nerve endings. Thus, the present
results provide a theoretical framework for predicting the sites that could assist in the
development of genetically engineered vaccines and that could interact with neurally
located toxin ectoacceptors. Finally, because the most highly solvent-exposed regions were
not well conserved, it is hypothesized that nonconserved, potential contact sites partially
account for the existence of different dominant binding regions for type-specific neutraliz-
ing antibodies.

KEY WORDS: Botulinum neurotoxin; ncural network algorithm; ncutralizing dcterminant: type-
specific antibody: vaccine.

proteins are found in viral receptor glycoproteins
(e.g., seven serotypes of gpl20 in human im-
munodeficiency viruses [VanCott ef al., 1994]) and
in bacterial toxins (group A streptococcal pyrogenic
exotoxin serotypes A-C [Gallis, 1984], and
clostridial neurotoxins: tetanus toxin [TeTX] and
seven botulinum neurotoxin [BoNT/A-G] sero-
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types [Schiavo er al, 1994]). A previous study
(Lebeda and Olson, 1994) noted that the C-termini
of the clostridial neurotoxin heavy (H) chains
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contain a region of ~150 sequentially nonconserved
residues. This rather long, sequentially hypervari-
able region led to the hypothesis that this segment
is associated with the divergence in binding-type-
specific neutralizing antibodies.

One test of this hypothesis is to identify the
residues that contact these antibodies and deter-
mine whether they can be used to distinguish the
serotypes. Identifying the amino acid residues that
form contacts between proteinaceous antigens and
antibodies, or protein ligands and their physiologi-
cal receptors at complementary surfaces, is
accomplished most precisely by examining the
X-ray crystallographic structures of the complexes.
This task, however, is so arduous and time-
consuming that refining predictive techniques by
using only primary structural information is an
obvious necessity in furthering our knowledge of
antigen and receptor epitope structures, and in
enhancing vaccine or drug development.

Predicting antigenic regions from a protein’s
tertiary structure by using a residue’s static
accessibility to surrounding solvent molecules has
been reasonably successful (Novotny and Auffray,
1984; Novotny et al., 1987; see also Getzoff et al.,
1987:; Geysen et al., 1987a, b). Other analyses using
three-dimensional (3D) information have also used
C,-backbone angle flexibility and electrostatic
interactions (Thornton er al., 1986; Getzoff et al.,
1987). Several approaches that have been in the
public domain for a number of years analyze single
protein sequences {e.g., Jameson and Wolf, 1988).
A more recently developed neural network
algorithm, originally designed for secondary
structural predictions, was modified to estimate a
residue’s level of solvent exposurc based on a
training set composed of residue accessibilities
calculated from known crystal structures (Rost and
Sander, 1994b). With the exception of the program
developed by Novotny and Auffray (1984), few of
the previous approaches wused this adaptive
algorithm’s ability to analyze multiple alignments to
improve their predictions. Moreover, assessment of
the results from previous studies (e.g., Thornton et
al., 1986) was limited by the lack of immunogen-—
antibody or ligand-receptor structural data and an
accurate identification of contact residues.

The present study used this network algorithm
to characterize the solvent accessibility of neuro-
toxin H-chain regions by static accessibility as an
index of protein-protein contact. The best available
information regarding these interactions (provided
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by five different avian egg-white lysozyme-antibody
cocrystals) was exploited here to assess the ability
of this algorithm to locate potential contact
residues. Using this analysis as a guide, the
solvent-exposed residues were predicted for the
heavy (H) chains of a family of clostridial
neurotoxins whose 3D folds are presently unknown
but for which some experimental evidence of
antigenic regions exists. Thus, the present study
extends previous results on these neurotoxins
(Lebeda and Olson, 1994) and compares these
predictions with relevant experimental data.

2. METHODS

PHD, a neural-network algorithm, was used to
make independent predictions on protein solvent
accessibility and secondary structure starting with
amino acid sequences. Input files to PHD contained
single-amino acid sequences of hen egg-white
lysozyme (HEL; Brookhaven Protein Data bank
file ITHEL) or the various neurotoxin serotypes. For
lysozyme, retrieval and alignment of 67 similar
sequences from the SwissProt database was
automatically performed by the program HSSP
(Sander and Schneider, 1991). The amino acid
sequences of the neurotoxin H-chains (TeTX,
BoNT/A-G) that were used in this study were
described and analyzed in detail previously (Lebeda
and Olson, 1994). Sequences of three isoforms of
the F serotype were also examined. In addition to
analyzing single sequences, multiple alignments of
their primary structures were made with MACAW
(Schuler et al., 1991) or with HSSP. As with HEL,
after reading an input file containing a single
sequence, HSSP retrieved and aligned other
H-chain sequences from the database. A com-
parison of the outputs from these two alignment
programs revealed that while MACAW inserted
gaps, HSSP also deleted short segments to optimize
the final alignment.

Output files from PHD contained a section
that assigned a 10-state solvent accessibility value
(range 0-9) per residue (PHD version 594-317
[Rost and Sander, 199454]). The most highly
solvent-exposed residues were operationally de-
fined as having accessibility states 8 or 9; the
remaining highly solvent-exposed residues were
operationally defined as having an accessibility state
of 7 with a reliability index of =4, Individual values
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were sorted into three-state accessibility bins in a
manner similar to the procedure described by Rost
and Sander (1994b).

In another section of the output, PHD
provided independently determined secondary
structural predictions and assigned the conforma-
tions of all amino acids to one of three states: helix
(a, 3,4, 7), strand (extended-strand state), or other
(the remaining, nonperiodic structures: bend, turn,
coil, B-bridge) (PHD version 494-317 [Rost and
Sander, 1993; Rost et al., 1994a]).

The last ~150 residues within each of the
C-terminal regions examined (BoNT/A-F and
TeTX) were aligned according to the secondary
structural elements predicted by PHD. The
distribution of residues (based on their hydropathic
properties) predicted to be in highly solvent-
exposed, loop regions was quantified by calculating
joint probabilities of occurrence. The hydropathies
of amino acid side chains were classified by
subdividing the consensus hydrophobicity scale
developed by Eisenberg et al. (1984) into polar (D,
E, H, K, N, Q, R), moderately polar (intermediate;
C, G, P, S, T, Y), and hydrophobic (A, F, I, L, M,
V, W) residues. Histograms of these probabilities
for each residue location were constructed along
with superimposed smoothed curves derived from a
moving average calculation (window size = three
locations).

To validate the use of highly solvent-exposed
residues as a measure of detecting protein—protein
contract residues, published crystallographic data
on identified contact residues in avian lysozyme-
antibody cocrystals were used. Contact residues in
those studies were based on measured distances
(typically <3.5A) required for H-bonding and
significant van der Waals interactions. Four
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different HEL-antibody cocrystal complexes were
used: HyHEL-5 (Sheriff et al., 1987), HYHEL-10
(Padlan et al., 1989), D1.3 (Fischmann et al., 1991),
and D44.1 (Branden et al., 1994). One pheasant
egg-white lysozyme (PHL)-monoclonal antibody Fv
fragment complex was also used in this study
(D11.15 [Chitarra et al, 1993]). The HEL/PHL
contact residues identified within these five
complexes are summarized in Table I. The single
species difference in these contact residues was
N113 in HEL and K113 in PHL.

The static accessible surfaces of the HEL
protein residues were determined with DSSP
(Kabsch and Sander, 1983), which calculates the
path of a simulated water molecule (spherical
radius = 1.4 A) along a protein’s van der Waals
surface (Novotny et al., 1986). Secondary structure
and residue accessibility were calculated by the
DSSP option contained in the IDEAS program
package (Kanehisa, 1988). Accessibility values from
the HEL data set were smoothed by using a
four-residue moving-average window calculation.

The antigenic index algorithm of Jameson and
Wolf (1988) (which incorporates standard algo-
rithms such as Kyte-Doolittle for hydrophilicity,
and Chou-Fasman and Garnier-Osguthorpe-
Robson for secondary structures) for single
sequences were used within the GCG package
(Devereux et al., 1984) (Version 7.2, Genetics
Computer Group, Madison, WI, 1991). Outputs for
the HEL analysis were sorted into 10-state bins,
and only the results from the three highest sets of
values that corresponded to HEL contact residues
were plotied (Fig. 1); for clarity, the few
false—positive points are not depicted. All of the
outputs from this analysis of the BoNT/A H-chain
were used in Fig. 3.

Table I. Antigen Contact Residues from Five Avian Lysozyme-Antibody Cocrystals Used in This Study

Resolution Refinement Lysozyme residues and
HEL cocrystal (/°\) (R value) locations References
HyHEL-5 3.0 0.245 Q41, T43, Nd44, R45, N46, T47, D48, G49, Sheriff et al. (1987)
Y33, G67, R68, T69, P70, L84
HyHEL-10 3.0 0.24 H15, G16, Y20, R21, W63, R73, N74, T89, Padlan et al. (1989)
N93, K96, 198, §100, D101, G102
D1.3 2.5 0.184 D18, N19, G22, 824, N27, G117, T118, D119,  Fischmann ef al.
V120, Q121, 1124, R125 (1991)
D44.1 24 0.25 Q41, R45, T47, G49, Y53, R68, S81 Braden et al. (1994)
D11.15-PHL 2.5 0.216 R21, Y23, N103, N106, R112, K113, K116, Chitarra er al. (1993)

G117, D119
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It should be emphasized that the five
antibodies present in the cocrystals were all
fragments of monoclonal antibodies. The binding
affinities of these fragments and their contact sites
on the antigen probably differ when compared to
those associated with the polyclonal antibodies that
are typically produced in immune responses
(Atassi, 1978). In this report no assumptions were
made regarding binding affinities. Nevertheless, in
order to assess the model predictions quantitatively,
the most complete available data set was used in
which the contact residues were identified directly
by X-ray crystallographic analysis of these antigen—
antibody complexes.

3. RESULTS

3.1. Verification of the PHD Neural-Network
Algorithm for Solvent Exposure: Prediction
of Antibody Contact Regions in Avian
Lysozyme

The solvent accessibility calculations from
DSSP, which used experimental data from the
crystal structure of HEL were initially compared to
the results from the two different prediction
algorithms. The middle solid waveform (Fig. 1, top)
was smoothed by using data derived from the
original DSSP analysis (superimposed dashed
curve; see Section 2) and shows the five regions in
HEL of highest solvent accessibility. The filled
circles (below these curves) locate the positions of
lysozyme residues (Table I) that were shown by
crystallographic measurements to make contact
with five different antibodies. The triangles and
squares connected by vertical lines immediately
below these circles indicate those residues which
were predicted by PHD to be highly exposed (filled
triangles = accessibility states 8, 9; filled squares =
state 7). These predicted, highly solvent-exposed
residues correspond to the five presently known
antibody contact regions for this enzyme. The
topmost solid curve (with inverted triangles)
represents the output from the antigenic index
analysis. This algorithm produced a pattern for
antigenic binding sites that was comparable to
PHD’s prediction of highly solvent-exposed
residues.

The pair of plots at the bottom of Fig. | show
the general similarity between the DSSP analysis
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and the PHD prediction for the secondary structure
of lysozyme. PHD was B80% correct on a
per-residue basis for this three-state secondary
structure prediction. As shown by the location of
the identified HEL contact residues, the most
highly solvent—exposed residues (states 8, 9) were
predicted by PHD to occur mainly in nonstructured
regions (i.e., loops, etc.).

3.2. Prediction of Highly Exposed Residues in
Clostridial Neurotoxins

The sequence alignment presented in Fig. 2
shows that a long (~150 residue) segment of
dissimilar amino acids was predicted to be present
at the C-termini of all the neurotoxin H-chains. A
summary of three different analyses is illustrated in
Fig. 3. The upper graph illustrates the antigenic
index analysis which only used the single sequence
for BoNT/A. Most of the highly solvent-exposed
residues (inverted triangles) occurred in the
C-terminal half of the H-chain (the C-fragment;
Fig. 3, residues 861-1296 [Middlebrook 1994,
1995]). The relative lack of exposed sites on the
N-terminal half of the H-chain corresponds to the
hydrophobic region (~80 residues) that was noted
previously in the study of transmembrane ion
channels, which are presumably formed by some of
these residues (Lebeda et al, 1994; Lebeda and
Olson, 1995). Results consistent with this idea have
also been obtained with BoNT/A, B, E and TeTX
{Montal et al., 1992; Ledoux ef al., 1994).

PHD produced results similar to those from
the antigenic index when only single sequences
were analyzed (data not shown). Different results
were obtained from PHD, however, when eight
sequences were aligned by using HSSP. In Fig. 3
(middle), the major portion of residues predicted to
have the highest solvent accessibilities (states §, 9)
were clustered at the N- and C-termini of the
H-chains (filled triangles = accessibility states 8, 9).
The horizontal bars in Fig. 3 labeled H435-611 and
H1150-1289 represent immunogenic peplide re-
gions and will be discussed in the next section. The
remaining highly accessible residues were located
throughout the H-chain (filled squares = state 7).
As noted above with the antigenic index output,
there was a relative lack of highly solvent-exposed
residues in the hydrophobic region of the
N-terminal half of the H-chain.



611

ons

Differential Antigen-Antibody Contact Reg

*(9AIND PaNOP 1IBYI0 10 *pUBNS *Xi[9Y) 2IMONNS AIBPUOIIS S, THH JO uondipaid es-221y) (JHJ Pue *(3AInd PIjOS 1I3YI0 IO *PUBNS “X1[3Yy)
“TAH Jo 21n1onis AI1epuosds oy Jo sish[eue JSS(J woog "salenbs pa[iy ayi £q umoys a1e (y = xopur Alpiqeras 3z 21e1s) pasodxa A[ysy 2q o1 (qHJ A4
pa1dipaid sanpisay ‘sa[duely pa[[y Aq paiussasdal axe (g g sareIs) pasodxa AySiy ssow ay) 2q 01 QHJ Aq Pa1d1paid sanpisay "(S3[2410 Paf|Y) Sarpogiue
9AY UM 19BIUOD UL SINPISAI SWAZOSA] UMOUY 3Y) JO SUOIIBIO| JY) SIB SIAIND 353Y) MO[ag "BIEp 4SS [euiSuo ayl jo (aaInd pijos) afelaae Suaow
anpisar-inoy e woly 1ndino payioows ayy uo pasodwradns (Ul paysep) sonpisal 5(3UlS 10 SIJBUIPIOOD SIWOLE [BISAId TFH 24l WO UOENS|ed
Anqqissoooe JSSA [euiduo I[ppIA “(Z UONdaS 235 :s3|Sueld) PoliaAul) sonjea PaIJe(NO[Ed JO S195 159USIY 2321Y) SI) JO SUONEIO] Yum (SAIND PIjOS)
suoneso| adonda jo uonoipard xepur dwajdnue :doy ‘salpoqnue JUAISFIP 1€IU0D Jey) suoiFar (M) swkzosk| anym-385 uay jo suondiparg -y 3y

JequInu onpisad THH

0c1 001 08 09 ov 02 0
Iayjo | - , I , : , L 7
pueuays , - 1 99SJHJ
X1y | i — |
I9U310
puens dssd
XIPH
10 [
iz b 20e(Hd
68
WMDQ—mmm L L) (1] L] LN ] . . L] L] L 000 . L d 0000000 o L] 0000000 o0
LOVINOD
an
=
—
o
o
Q
M
0
2
-4
=
<
90— —
WVo
XAANI NS
JOINIDILNV
L1




612 Lebeda and Olson
BONTAHc [ — i — 1 I 3 436
BONTBHC =] e— =] 1} ] 1 ( : —1 444
BoNTC4Hc =] m— ] 1= — —— — 436
BoTXDHe = s = | a— ) [ : 3 425
BONTEHC [ a— ] C—IC 3 C — — O 420
BoNTF 1Hc [ | c— ) — ) C Y 5 O 427
BoNTF2He o ( J — ) Y — O 424
BoNTF3Hc [ e = —  — ) C = = [ 427
BaNTGHC (= T — — 1 — = o 445
TeTXHc [ e — a——— — 1 = = — ) 446

T T T T
800 850 900 990

T
1000

T T 1
1650 11100 11{50 1200 1250 1300

sequence position

Fig. 2. Alignment of the neurotoxin H-chain primary structures with MACAW. Wide
and thin bars represent sequentially similar and nonsimilar regions of residues,
respectively. Long (~150 residues) nonsimilar regions occurred at the C-termini.
Numbers on the abscissa represent the absolute locations of the BoNT/A H-chain
residues. Numbers on the right indicate the number of residues within each C-fragment

(Hc).

When aligned sequences obtained from
MACAW were used as inputs, the independent
determinations of secondary structures by PHD
predicted that the C-terminal region of the
neurotoxin H-chains was predominantly in a loop
state (Lebeda and Olson, 1994). However, when
HSSP was used to align these H-chains, more
conserved secondary structural elements were
predicted (Fig. 3, bottom plot; Fig. 4). The
prediction of secondary structure by using the
HSSP-derived alignment was considered to be more
accurate than the prediction based on the
MACAW-derived alignment because shorter loop
regions were predicted using HSSP. These substan-
tial differences in the secondary structural predic-
tions are attributed to differences in the sequence
alignments for the ~150-residue C-terminal seg-
ment in these neurotoxin H-chains (see Section 2).

An expanded view of the predicted, highly
solvent-exposed region at the C-termini of the
H-chains is presented in Fig. 4. The highly
solvent-exposed regions (states 7-9) were aligned
and were typically associated with conserved,

nonperiodic secondary structures (loops, etc.). A
similar pattern was noted for the entire C-fragment.
Only three short regions comprised of four to six
residues (vertical boxed areas) were predicted to be
conserved and the most highly solvent-exposed
(state 8 or 9).

The characteristics of the residues within these
three short segments were examined further by
calculating different joint probabilities of occur-
rence (Fig. 5). The three short regions that were
noted in Fig. 4 to be locations for highly exposed
residues are again represented in the box areas. It is
clear from this joint probabilities analysis that there
are several additional peaks that can now be
distinguished along the C-terminal sequence that
represent loops containing highly solvent-exposed
residues (Fig. 5A). In more detailed analyses, the
joint probabilities were calculated for highly
solvent-exposed residues in loops having polar (Fig.
5B), intermediate polar (Fig. 5C), or hydrophobic
(Fig. 5D) side chains. The majority of side chains
were predicted to be either polar or moderately
polar. Very few residues within these regions were



613

Differential Antigen—-Antibody Contact Regions
BoNT H-chain
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Fig. 3. Predictions of the antigenic index, residue solvent accessibility, and secondary structure of the H-chain of BoNT/A.
Upper portion: ordinate values denote the antigenic index (using only the sequence of BONT/A) that represents the degree of a
residue being within an cpitope. Locations having the two highest (large inverted triangles) and the third highest (small inverted
triangles) sets of scores were clustered at the N-termini and overlapped with the C-fragment (horizontal bar). Middle portion:
with a multiple aligned input with cight different serotypes, locations of residues are shown that were predicted by PHD to have
high solvent-accessibility scores (states 8. 9: filled triangles; state 7: filled squarcs; reliability index = 4). Compared to the results
from the antigenic index, highly exposed residues were also predicted by PHD to be clustered at both termini. However, the
locations that were predicted by PHD to be the most highly exposed were more restricted to the C-terminus. Lower portion: plot
of three-state secondary structural predictions. Horizontal lines labeled H455-661 and H1150-1289 represent H-chain tfragments
that were individually capable of inducing protection in vive (data from Dertzbaugh and West, 1995, 1996). Numbers on the
abscissa represent the absolute residue locations on the H-chain of BoNT/A,

predicted to have hydrophobic side chains. Thus,
from this probability analysis, there appear to be
several locations within the C-termini of these
neurotoxins that could be sufficiently exposed to
make contact with other molecules such as
antibodies or ectoacceptors.

4. DISCUSSION'

Residue side-chain solvent exposure has been
used previously as a predictive measure for
identifying antigenic sites (Novotny er al., 1986).
Other researchers have proposed that protein
antigen binding also involves C,-backbone angle

flexibility, electrostatic interactions, and rearrange-
ments of the side chains in both the antibody and
the antigen (Thorton et al.,, 1986; Getzoff et al.,
1987). This study used a recently developed
neural-network algorithm that was trained to
estimate residue solvent accessibilities and to
predict epitopic structures directly from sequences
of amino acids. This technique was validated with
avian egg-white lysozymes and five different
antibodies (to date, the best characterized set of
cocrystal data for a single antigen from the
Brookhaven Protein Databank) by predicting the
location of highly solvent-exposed regions that are
in turn the most likely to make protein—protein


nitl


nitl 


nitl 


nitl 


nitl 


nitl 



614

Lebeda and Olson

helix
strand !

! BoNT/A ct
other Mﬂmw\m A &

helix
strand :
other |, ‘

helix
strand
other

;5

helix
strand
other

helix
strand
other

helix
strand
other

1 1 I I 1

1

! T MWt i
e oy e

BoNT/B ct

BoNT/C1 ct

0 s

BoNT/D ct

BoNT/E ct

FMJ\M L

1 1 1 1 1 1 1 1
1220 1240 1260 1280 1300

!
1140 1160 1180 1200
C—terminal locations

Fig. 4. Secondary structures and solvent accessibilities of neurotoxin C-terminal (ct) residucs predicted by PHD from HSSP-aligned
sequences. Although the primary structures of this region comprising ~150 residues were not conserved (Fig. 2), the secondary
structural elements (helix, strand, other) and the highly solvent-accessible regions (open squares = state 7; reliability index =4), in
general, were aligned. Except for three aligned regions (dotted boxes), the basic difference among these sequences was the presence
of nonconserved locations of the most highly solvent-exposed residues (filled triangles = states 8, 9). Numbers on the abscissa
represcnt the absolute residue locations on the BoONT/A C-terminus.

contacts. Side chains of the residues comprising
these five epitopes account for approximately half
of the total solvent-accessible area of HEL
(6778 A?). The highly solvent-exposed residues
(states 7-9) were predicted by PHD to be
associated with all five contact regions. The PHD
program, as expected, also predicted that most of
the residues in these exposed regions were in loop
conformations rather than in periodic structural
elements.

Clostridial neurotoxins have global similarities
of 85-90% in their secondary structures (Lebeda
and Olson, 1994). In that study it was suggested
that the regions of nonconserved amino acids in the
H-chain would be important in defining the
neutralizing epitopes. The longest sequentially
nonconserved region appeared to be at the H-chain

C-termini (Fig. 2 [Lebeda and Olson, 1994]).
Decspite the obvious differences in amino acid
sequences, structural clements, along with the
overall residue solvent accessibilitics, were pre-
dicted to be conserved in these C-terminal regions.
The important distinction among the serotypes at
their C-termini was the general lack of conservation
of regions that were predicted to be the most highly
solvent-cxposed (states 8, 9); only three regions
were  predicted to be conserved among the
neurotoxin serotypes (vertical boxes, Fig. 4). As
discussed below, these predictions are consistent with
some of the available experimental observations.

The C-terminal halves of these toxins (C-
fragments) contribute to the binding of these toxins
to neural tissues. For example, the C-fragment of
TeTX can decrease binding of the holotoxin in
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Fig. 5. Joint probabilities of occurrence for residue locations in the C-termini of seven
different neurotoxin sequences. (A) The probabilities of a residue being highly solvent-
exposed and within a loop. The three vertical boxes taken from Fig. 4 show the location of
conserved, highly solvent-exposed residue locations. (B-D) The joint probabilities of

locations having loops containing highly solvent-

exposed residues that have polar, moder-

ately polar (inter), and hydrophobic side chains, respectively. The dark solid curves
supecimposed on the histograms of the individual probabilities represent moving averages
of three residue locations. Numbers on the abscissa represent the absolute residue locations

on the BoNT/A C-terminus.

brain (Bizzini et al., 1980). Although it has been
well established that the A and the B serotypes of
BoNT do not compete with one another for
specific, high-affinity binding sites (toxin ectoaccep-

tors) present at cholinergic nerve endings (Dolly et
al., 1987), it has been suggested from physiological
experiments that the C-fragment of TeTX competes
with the holotoxin for binding. Simpson (1984) also
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suggested that the C-fragment of TeTX competes
with the BoNT/C!1 and BoNT/E holotoxins as well
(but not with types A, B, D, F, or G). A possible
noncovalent interaction between the C-fragment
and the holotoxin, however, could not be ruled out.
Nevertheless, it is possible that nerve endings may
possess a single group or a number of similar toxin
ectoacceptor molecules that have several binding
sites for the different serotypes. In addition, there
may be a conserved, highly solvent-exposed site on
the H-chain C-terminus that has a recognition
function (for the ectoacceptors or for antibodies)
while the nonconserved, highly solvent-exposed
sites take part in the remainder of the binding
process. Furthermore, the presence of these
nonconserved exposed regions supports the
hypothesis that the C-terminal portion of the
H-chain is an important region for binding
non-cross-reacting neutralizing antibodies.

Second-generation vaccines developed from
neurotoxin fragments to protect against clostridial
neurotoxins are feasible, nontoxic alternatives to
passive immunization with antitoxins and im-
munogenic toxoic products (Atassi and Young,
1985). Makoff et al. (1989) expressed efficiently the
C-terminal half (~50kDa) of the TeTX H-chain,
which immunized and protected toxin-challenged
animals. Unconjugated recombinant C-fragments of
BoNT/A and /B induced a high degree of
protective immunity against these holotoxins
(Middlebrook, 1994, 1995). A combination of two
unconjugated C-fragment-derived peptides also
protected against lethal neurotoxin challenges
(Smith er al, 1995). In addition, a systematic
analysis, using overlapping ~155-residue segments
of the BoNT/A H-chain, showed that some
protection occurred with an N-terminal and with a
C-terminal fragment (Fig. 3, horizontal bars labeled
H455-611 and H1150-1289, respectively [Dertz-
baugh and West, 1995, 1996]).

The predicted regions of highly solvent-
exposed residues on the toxin H-chains may be
important for several reasons. First, the noncon-
served, most highly solvent-exposed residues at the
C-terminal may be critical for binding type-specific
neutralizing antibodies and/or to ectoacceptors
located on cholinergic nerve endings. Second, if
these highly solvent-exposed residues are essential
components of epitopes for neutralizing antibodies
or toxin ectoacceptors, it is expected that
replacement by one or more residues will alter
binding affinities. Third, the correspondence be-
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tween the theoretical predictions and the ex-
perimental evidence summarized in Fig. 3 (Mid-
dlebrook, 1994, 1995; Smith et al., 1995; Dertzba-
ugh and West, 1996) suggests that the two clusters
at either terminus of the BoNT/A H-chain contain
highly solvent-exposed amino acids which may take
part in a composite, spatially discontinuous
structure that may characterize the dominant
neutralizing epitope.

Finally, some of the predicted highly solvent-
exposed regions at the N- and C-termini may be
uscful for developing shorter, more readily
expressed antigens for future vaccine development.
Overlapping peptides (19- to 22-mers derived from
the C-fragment sequence) were recently examined
for binding to anti-C-fragment antibodies (Atassi et
al.,, 1996). Those data are consistent with the
predictions of this study in that highly exposed
residues (states 7-9) are predicted to exist
throughout most of the C-fragment. In addition,
experiments are in progress (S. Bavari, personal
communication) to determine whether binding
occurs between neutralizing monoclonal antibodies
from mice immunized with the C-fragment of
BoNT/A and synthetic 25-mers whose sequences
were derived from the predicted most highly
exposed regions of that fragment.
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